Two lines of White Leghorns that had undergone long-term selection for high (HH) or low (LL) antibody response to sheep red blood cell antigen(s) formed the nuclear lines for this experiment.
INTRODUCTION
Genetic selection for resistance of chickens to major infectious agents has been recognized for a long time as an adjunct to nongenetic means of disease control. A fundamental problem in the study of the genetics of disease resistance, however, has been the exposure of breeding populations to the infectious agent, which may result in mortality and morbidity. Also, it would be desirable to select for general rather than specific disease resistance (Gavora, 1990) , as commercial stocks of poultry are required to perform under diverse production environments.
The need for a marker with easily measurable phenotypic expression that would identify potentially resistant genotypes led to the selection for antibody responses in several species, including guinea pigs, rats, Japanese quail, swine (see review by Warner et al., 1987) , mice (Biozzi et al., 1979) , chickens Pinard et al., 1992) and goats (Eide et al., 1991) . Bidirectional selection for antibody response to SRBC antigen(s) has resulted in the alteration of components of the immune system, such as antibody response (Biozzi et al., 1979; Siegel and Gross, 1980; Pinard et al., 1992) , macrophage activity (Biozzi et al., 1979) , B cell population (Kreukniet, 1995) , T cell population (Scott et al., 1991; Kreukniet et al., 1994a) , and CD4 and CD8 subpopulations of T lymphocytes (Kreukniet, 1995) .
Correlated responses in disease resistance to such bidirectional selection were reported by Gross et al. (1980) , who found that the high antibody line to SRBC exhibited stronger antibody response to Newcastle disease, was more resistant to Mycoplasma gallisepticum, Eimeria necatrix, and a splenomeglia virus, but was more susceptible to Escherichia coli and Staphylococcus aureus, than the low line. Such correlated responses could be due to altered functions of the immune system, linkage with disease resistance genes, or cross-reactivity of the antigenic determinants of SRBC and the infectious organisms. Divergent selection of chickens for antibody response to SRBC has altered BW such that higher responder lines exhibit lower growth rates (Martin et al., 1990; Kreukniet et al. 1994b; Parmentier et al., 1998) , and reach sexual maturity at older ages (Dunnington and Siegel, 1984; Martin et al., 1990) than lower responder lines.
Marble spleen disease of chickens, caused by avian adenovirus group II organism, and characterized by splenomegaly and no lesions, was identified by Domermuth et al. (1979) . Splenic lesions consist of reticuloendothelial hyperplasia and lymphocytic degeneration (Veit et al., 1981) . Experiments involving high and low SRBC antibody lines and reciprocal crosses between them showed that the resistance or susceptibility of a cross to marble spleen disease virus (MSDV) depended upon the sire and dam lines of the crosses and that genotype by environment interactions affected spleen size (Gross et al., 1988) . This paper reports further on investigations conducted with chicks of these same lines and various crosses between them to study the genetic architecture of juvenile growth and responses to MSDV.
MATERIALS AND METHODS

Stocks and Husbandry
The nuclear lines for this experiment were two lines of White Leghorn chickens derived from the same base population, but selected divergently for high (HH) or low (LL) antibody response 5 d after an injection into the brachial vein with 0.1 mL of 0.25% suspension of SRBC antigen(s) between the ages of 41 and 51 d Martin et al., 1990) . Matings between agecontemporary chickens from the S 22 generation of these lines were made to produce the parental lines and reciprocal F 1 crosses. Chicks were housed in deep litter pens based on mating combinations. At 126 d of age, 15 cockerels and 60 pullets of these four populations, i.e., HH, HL, LH, and LL (first letter denotes sire line), were randomly selected and housed in individual cages in an environmentally controlled room.
At 36 wk of age, matings were made among the sires and dams of the four populations to produce 16 progeny types consisting of parentals, reciprocal F 1 , F 2 , and backcrosses. At hatch, 100 unsexed chicks of each progeny type were wing-banded, vaccinated for Marek's disease, and placed in floor pens covered with wood shavings as litter. Husbandry procedures were consistent with those under which the lines had been selected. Namely, chicks were fed ad libitum a mash diet containing 20% CP and 2,685 kcal ME/kg with lighting and water available continuously.
Individual BW were obtained to the nearest gram at 0, 7, 13, 21, 28, 42, and 49 d of age. At 50 d of age, chicks were weighed and randomly subdivided within each sexprogeny type subclass into three groups of 10 each (n = 960). Two of the groups were injected via the brachial vein with 0.1 mL of either 1 or 10% suspension of spleen extract from chickens infected with MSDV. The third group served as the uninjected controls. Six days later, which is the time of maximal response (Domermuth et al., 1979) , chicks were weighed and killed by cervical dislocation and their spleens were removed and weighed (to the nearest 0.01 g).
Statistical and Genetic Analyses
Body weights to 50 d of age were analyzed by ANOVA with progeny type, sex, and the interaction between them as main variables. Genetic analyses for BW at specific ages were conducted within each sex in order to obtain information on sex-linked and maternal effects. Body weights at 56 d of age, and absolute and relative (grams per kilogram of BW) spleen weights were subjected to ANOVA with progeny type, MSDV dosage, sex, and all of the interactions among them as the main variables. Body weights were transformed to logarithms and relative spleen weights to arc sine square roots before ANOVA. Significance was declared at P ≤ 0.05 and P ≤ 0.01. Duncan's multiple range test was used to compare multiple means when ANOVA showed significant main effects.
Genetic analysis was undertaken within sexes so that maternal and sex-linked effects could be separated. The expected means of the progeny types in terms of nuclear genetic effects transmitted directly or through the maternal environment, individual and maternal heterosis, and recombination effects have been given by Dickerson (1969) and Notter (1987) , who also provided information on paternal heterosis. Both authors dealt with mammalian species and ignored sex-linkage. Eisen et al. (1966) , and Barbato and Vasilatos-Younken (1991) discussed models for separating maternal and sex-linked effects pertinent to male homogametic species such as poultry. Contrasts among the least squares means of the progeny types were conducted based upon those models to ascertain differences due to parental, reciprocal, heterosis (individual and maternal), and individual recombination effects (see Table 1 for formulae). Individual heterosis was assessed for each reciprocal F 1 cross as well as their mean. Maternal heterosis was estimated by two sets of contrasts based on the assumption of the presence or absence of paternal heterosis. Contrasts (HHF 1 -F 1 HH) and (LLF 1 -F 1 LL) assume that the F 1 sires in crosses F 1 HH and F 1 LL did not exhibit heterosis. If they did, then maternal heterosis based upon these contrasts would be underestimated. In that case, contrast {(4BC -2F 2 -F 1 -P)/2} provides an estimate of maternal heterosis unbiased by paternal heterosis. In estimating recombination effects, maternal heterosis was ignored {2(F 2 -F 1 )} or allowed {4(F 2 -BC}.
Scaling tests A, B, and C (Mather and Jinks, 1982) were used to test the adequacy of an additive-dominance model for absolute and relative spleen weights. 
where, Relationships between traits and the proportion of line HH genes in the various progeny types were examined with a polynomial regression model that fitted linear and quadratic effects sequentially (Freund and Littell, 1981) .
RESULTS
Body Weights
Sex, Parental, Reciprocal, and Heterosis Effects. Sexual dimorphism for BW was evident by 7 d after hatching and persisted thereafter, with males being heavier than females and no sex by mating combination interactions. Among the progeny types differences in BW were highly significant at all ages. As seen in Figure 1 , the growth patterns for males and females showed a divergence of Line HH from the F 1 , F 2 , backcrosses and Line LL. That is, Line HH chicks always lagged behind the others in growth.
Genetic contrasts are shown for males in Table 1 and  females in Table 2 . Parental effects were significant for both sexes, with LL chicks being heavier than HH chicks at all ages. The magnitude of the difference between the lines was similar for males and females from hatching to 42 d of age. At 49 d, the line difference was smaller for male but not female chicks. Both male and female F 1 progeny that had LL dams (HHLL) were heavier than their reciprocals from hatching until 21 d. The reciprocal effect persisted for females to 28 d, after which it was not evident in either sex.
With the exception of female chicks at hatch, there was heterosis for BW at all ages for chicks of the HHLL cross. For the reciprocal F 1 cross (LLHH), heterosis was significant at hatch for both sexes, but not at 7, 13, and 21 d. Thereafter, there was no heterosis for females, whereas heterosis was expressed for males, the homogametic sex in chickens. Mean individual heterosis for BW was evident for both sexes at all ages except at hatch, and at 21 d for female chicks. There was a tendency for the magnitude of heterosis for BW of male and female chicks to diverge beyond 13 d, being greater for males than females.
Maternal Heterosis, Recombination, Scaling Tests, and Linear Regression. When assessed by backcrosses to the high and low parental lines, maternal heterosis appears to have been influenced by maternal effects. Progeny of backcrosses to Line HH exhibited positive maternal heterosis up to 7 d in males and 13 d in females. In backcrosses to Line LL, however, maternal heterosis was negative at hatch for males and females and at 7 d for female chicks. Maternal heterosis unbiased by maternal effects or paternal heterosis contributed to BW at hatch and 49 d only in male chicks.
Recombination effects (F 2 -F 1 ) were present for BW of males at hatch and for BW of females at 42 and 49 d. The other measure of recombination (F 2 -BC), which does not have a maternal heterosis bias, did not reveal recombination effects on BW at any age in either sex. Scaling tests A, B, and C showed that an additive-dominance model did 2 -= male, -= female.
*P ≤ 0.05. *P ≤ 0.01. not adequately reflect the gene action for BW at any of the ages measured (data not shown). This inadequacy was consistent for both males and for females. Linear regressions of BW on percentage HH genome of progeny were negative and significant for male and female chicks from hatching to 42 d (Table 3) . At 49 d, the quadratic effect was also significant. At this age, linear and quadratic regression coefficients for males were: -2.05 ± 0.36 and -0.016 ± 0.003 g, respectively: the coefficients for females were -1.56 ± 0.41 and -0.015 ± 0.004 g, respectively. The corresponding coefficients of determination (R 2 ) were 93% for males and 83% for females.
Marble Spleen Disease Virus
Relative spleen weights were similar for the 1 and 10% MSDV dosages in all progeny types. For absolute spleen weights, these dosages were also similar in 15 of 16 progeny types. Therefore, the 1 and 10% MSDV dosages were combined for subsequent analyses.
As measured by absolute spleen weight, 6 out of 16 progeny types exhibited resistance to MSDV (no difference between control and inoculated), whereas for relative spleen weight, LLLL, LHLL, and HLHL progeny were resistant to MSDV (Table 4) . Fifty-six-day BW of control and inoculated chicks were different in only 2 of 16 progeny types (Table 4 ) and were therefore not subjected to further analysis. Sexes responded similarly to the MSDV inoculation, as dosage by sex interactions were not important for any of the traits. Spleen weights were heavier on an absolute weight basis (1.61 ± 0.03 vs 1.45 ± 0.02 g); and smaller on a relative basis {(2.6 ± 0.04 vs 2.9 ± 0.04) × 10 -3 } for males than females. 
HH = (HHHL+HHLH)-(HLHH+LHHH). LLF 1 -F 1 LL = (LLHL+LLLH)-(HLLL+LHLL).
*P ≤ 0.05. **P ≤ 0.01.
Control (not inoculated) Inoculated
Absolute Relative Absolute Relative Traits Before Inoculation. Among chicks not inoculated with MSDV (controls), neither the parental lines nor reciprocal F 1 crosses differed for absolute spleen weights (Table 5) . Although the mean heterosis was not significant for this trait, negative heterosis was expressed in male progeny of the HHLL cross and positive heterosis in the female progeny of the LLHH cross, suggesting that sexrelated factors influence spleen size. Further indications that sex-related factors may affect absolute spleen weights were that recombination effects (F 2 -F 1 ) and maternal heterosis were expressed only in the males (Table 5) , whereas the linear regression was not significant (Table 6) .
Unlike absolute spleen weights, both parental and reciprocal contrasts were important for relative spleen weights of the control chicks (Table 5 ). Males and females of Line HH had larger relative spleens than those of Line LL. The contrasts suggest that the sex chromosome Z, from Line LL reduced relative spleen weights. The reciprocal contrast for this trait was significant only in females. The male progeny of the HHLL cross exhibited negative heterosis, which was reflected in the mean heterosis, and indicated homogametic heterosis effects. Maternal heterosis occurred in the male progeny of the backcross to the low antibody parental line, whereas the recombination effects (F 2 -F 1 ), biased by maternal heterosis, were important only in males. The regression of relative spleen weights of the controls on parental Line HH indicated a stronger linear relationship in females than in males (Table 6) .
Traits After Inoculation. Absolute and relative spleen weights after inoculation with MSDV differed significantly between the selected lines, with Line LL being more resistant than Line HH. The F 1 crosses, although not different from each other, were intermediate to and significantly different from either parental line (see Table  4 for means). This trend persisted for both sexes for absolute and relative spleen weights, as confirmed by the significant parental contrasts and the lack of reciprocal effects for these traits (Table 5 ). In female chicks inoculated with MSDV, the only other significant contrast, apart from the parental effects mentioned earlier, was recombination, which increased absolute and relative spleen weights. For inoculated male chicks, no other effect was significant for absolute spleen and only maternal heterosis was expressed for relative spleen weights in addition to the parental effect. Mean heterosis was essentially zero for relative spleen weights after inoculation. The linear regression of the traits on percentage Line HH genome was significant for both sexes (Table 6) .
Out of 24 scaling tests conducted, only 3 were significant. These were scales B (0.0053 ± 0.0019) and C (0.0077 ± 0.0033) for relative spleen weights and scale B (0.36 ± 0.16) for absolute spleen weights of inoculated male chicks.
DISCUSSION
Simultaneous improvement of immunocompetence and production performance is an important objective in commercial poultry breeding. An antagonistic relationship between these traits in chickens (Martin et al., 1990; Kean et al., 1994; Kreukniet et al., 1994b) can slow progress towards achieving this goal. The highly significant line differences in BW observed at all ages in the present study were consistent with earlier reports on the importance of additive genetic variation in growthrelated traits (Barbato et al., 1983; Barbato and VasilatosYounken, 1991; Liu et al., 1993) .
Maternal effects on BW have been reported to be dissipated by 7 d of age (Barbato et al., 1983; Katanbaf et al., 1988) and are generally related to egg size. Our results indicate that maternal effects may persist to 21 d of age. In the work reported by Barbato and VasilatosYounken (1991) , maternal effects for BW reappeared at 49 and 56 d of age and suggested that cytoplasmic inheritance may play a role in the determination of maternal effects. Sex-linkage affected BW only at 28 d of age and, in general, was less important than maternal effects, as was also reported by Liu et al. (1993) .
The consistent parental and mean heterosis effects on BW at all ages for crosses involving lines differing in antibody production suggest that both immunocompetence and growth-related traits may be simultaneously improved through the appropriate choice of stock and a mating system.
The size of the spleen of avian species may be influenced by genotype (Ubosi et al., 1985) , stressors (Gross et al., 1988) , and season (John, 1994) . In the absence of a well-developed lymph node system in the chicken (John, 1994) , the spleen is the major organ involved in immune responses to some antigens (White et al., 1975) . This reasoning is consistent with the fact that splenomegaly has been shown to be an important characteristic of response to MSDV infection in chickens (Domermuth et al., 1979) .
Although small relative spleen weights appear to be associated with resistance to MSDV, this relationship may be coincidental, as the low antibody line may have resisted infection by MSDV with a superior MSDVspecific immune response. Absolute spleen weights of control chicks gave little indication of potential resistance to MSDV. Our results showing that the mode of inheritance of normal spleen differed after infection were consistent with those of Praharaj et al. (1995) , who challenged a wide range of stocks of chickens with MSDV and reported increases in relative spleen weights and differences among stocks for degree of response.
Relative spleen weight was influenced mainly by additive genetic effects as well as sex-linkage before infection. Homogametic heterosis is an indicator of sexlinkage (Stonaker, 1963) . On the other hand, the most consistent effect in both absolute and relative spleen weights after inoculation was parental, suggesting that additively transmitted line effects greatly influence resistance to MSDV. Resistance to MSDV was influenced markedly by the proportion of low antibody line genome in the progeny. This result was similar to that reported by Gross et al. (1988) , who worked with the S 12 generation chicks of these lines. The lack of heterosis for resistance to MSDV in lines so divergent in their response to SRBC antigen is not necessarily contrary to expectation (Falconer and Mackay, 1996) , because chickens are not routinely exposed to MSDV.
Methods are needed in commercial poultry breeding to select for general, rather than specific, disease resistance. The greater resistance of the low antibody line than the high line to MSDV observed in this experiment suggests that high antibody producing lines may not be superior in all cases and that general disease resistance may be enhanced by an intermediate optimum.
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